The complexes [Ru([9]aneS3)(dppz)Cl]Cl 1 and [Ru(II2]aneS4)(dppz)]Ci_ 2 ([9]aneS3=l,4,7 trithiaciclononane and [12] aneS4=l,4,7,10-tetrathiaciclododecane) were synthesised and fully characterised. These complexes belong to a small family of dipyridophenazine complexes with non-polypyridyl ancillary ligands. Interaction studies of these complexes with CT-DNA (UV/Vis titrations, steady-state emission and thermal denaturation) revealed their high affinity for DNA. Intercalation constants determined by UV/Vis titrations are of the same order of magnitude (106) 
Introduction
The affinity of metal complexes with DNA is normally investigated by determining their intercalative properties. Complexes with dppz (dipyrido[3,2-a:2',3'-c]phenazine) as a iigand, show strong intercalation with DNA due to the extended aromatic heterocyclic surface that extends well outside the central core of the complex, thus minimising steric hindrance between ancillary ligands and DNA. Ruthenium(II)-dppz complexes with polypyridyl ancillary ligands have shown remarkable B-DNA affinity, with binding constants > 106 but they possess low specificity [2] .
DNA binding is normally determined by UV/Visible spectroscopy, however luminescence can also be used. [Ru(bpy)2dppz] 2+ and other Ru(II)-dppz complexes luminesce in organic solvents, but this emission is absent in aqueous solutions since water molecules deactivate the excited state through hydrogen bonding to the phenazine nitrogen atoms. After DNA addition these complexes show luminescence due to the protection provided by the nucleobases, via intercalation, against solvent quenching. This phenomenon, generally designated as a "molecular light switch", is an indication of an intercalative mechanism [1, [3] [4] [5] [6] . In contrast to dppz complexes, Ru(II) or Rh(III) phi complexes show no luminescence (phi 9,10-phenanthrenoquinone diimine) [7] .
A number of metallointercalators with high DNA affinity are known [8] [9] [10] [11] [12] and more recently efforts have turned toward a search for an increase in the specificity of the metal complex-DNA interaction via modification of the ancillary ligands. Two approaches have been used: shape selection and the promotion of favourable ancillary ligand-DNA interactions [13] . Both strategies have been mainly developed for the ligand phi and its derivatives. Shape selection involves, for instance, the use of large ancillary ligands which hinder binding in the minor groove of DNA [14] [15] [16] [17] . Our group is interested in the second approach; the design of metal complexes containing ancillary ligands with favourable stabilising interaction with DNA.
There are a few examples where this strategy has been followed. In the early 90's Barton and coworkers [10, 18] studied the [Rh(L)(phi)] 3+ complexes (L (NH3)4, (en)2, [12] aneN4 and [12] arieS4). The presence of the axial anaines resulted in a specific interaction at 5'-GC-3' sites, as models indicated the possibility of hydrogen bonds between them and O6-guanine. The complex A-[Rh(en)2(phi)]
3+ also showed preference for 5'-TX-3' sites, attributed to van der Waals interactions between the methylene chains and the thymine methyl group. In contrast, for the z3 enantiomer, no specificity was seen. This was also the case for [Rh( [12] aneN4)(phi)] 3+ where the small Nax-Rh-Nax angle (=160) reduced the possibility for specific Teresa M. Santos et al.
Interaction of Ruthenium(lI)-Dipyridophenazine Complexes
With CT-DNA: Effects of the Polyhioether Ancillary Ligands interactions between the nitrogens and the nucleobases [10, 19] . On the other hand, the complex [Rh( [12] aneS4)(phi)] + shows preference for 5'-AXY-3' sites but how it interacts is still unknown [10, 18] . sequence in the major groove. This was confirmed by NMR [20] and further by the single crystal x-ray determination of this metallointercalator with a DNA oligonucleotide [21 ] . Following our aim of understanding the rules governing interactions between polythioether complexes and DNA we have recently obtained the first polythioether complex with dppz [Ru( [9] aneS,)(dppz)Cl]PF6. In a previous study the packing diagrams of several crystal structures of [Ru( [9] aneS3)(N-N)CI] complexes (N-N bidentate polypyridyl) have clearly revealed the presence of hydrogen bonds between ligands suggesting that the same type of H-bonding between DNA nucleobases and the complexes may be possible [22] .
In this paper we present the characterisation and the interaction of [Ru( [9] aneS,)(dppz)Cl]C! and the new complex [Ru( [12] aneS)(dppz)]Cl2 2 with DNA. Complex was found to undergo aquation (1') opening up the possibility of further H-bonding [23] . In Ru(II) or Rh(III) saturated polypyridyl polyaminepolypyridyl mixed systems normally used as metaliointercalators, this opportunity is unavailable.
Experimental
Reagents: RuCI.'nHzO, the polythioether macrocycle ligands [9laneS3 (l,4,7-trithiacyclonone) and [12] aneSa (1,4,7,10- [25] . Ligand purity was checked by H-NMR (dmso-d) [26] and elemental analysis. [Ru( [9] aneSa)(drnso)Cla] [22, 27] and [Ru( [12] aneS4)(dmso)Cl]CI [28] [Ru([ 12laneS4)(dppz)lCl'5.5HO (2) [Ru( [12] aneS4)(dmso)CI]C! (245.3 rag; 0.5 mmole) and dppz (141.5 nag; 0.5 mmole) were dissolved in 15 mM NaCI solution, except for complex [Ru( [9] aneS3)dppz(H20)] , 1', where only ultra-pure water was used.
Aquation studies were carried out at 37C, pH 7.4, in 5raM Tris and with variable concentrations of NaCl.
Binding Studies witlt Calf Titymus DNA (CT-DNA): CT-DNA concentrations were determined by spectrophotometry using e_60 6600 Mcm [29] . A A,60/A,80 value of 1.8-1.9 was always observed, indicating that the DNA was free from protein contamination [30] . a) Speetrophotometric titrations: CT-DNA spectrophotometric titrations were carried out at room temperature in 10 mM phosphate buffer pH=7.2. Successive small aliquots, normally 25 gL, of CT-DNA (concentration range from 350-1350 laM) were added to the complex (ca 50 gM or 100 gM). Absorbance changes were followed at 414 nm for 1', at 412 nm for 2 and at 445 nm for 3. b) Lttmineseenee studies: Both CT-DNA and the complexes were prepared in 5 mM Tris buffer and 50 mM NaCI, pH 7.4 . Prior to the experiments, all the solutions were air saturated in order to maintain the quenching level. The complexes (ca 60 gM) were excited at their MLCT bands and at the "double-hump" wavelengths [31] in order to choose the best one for emission purposes and then diluted to 6gM for the DNA interaction studies. A baseline correction was performed at 800 nm, allowing better deconvolution of the spectra.
e) TItermal denaturation studies: Thermal denaturation of DNA and of DNA with Ru(II)-complexes were performed by monitoring the absorbance of the samples at 260 rim. The absorbance data were normalised against room temperature values over the whole temperature range. Contributions from the dissociation of the Ru(II)-complexes at this wavelength were not considered over the course of the melting transitions (verified to be very small). The samples were heated till the desired temperature and maintained at equilibrium for 10 minutes before reading the absorbance value. For temperatures between room temperature and 70C a Jasco V-560 spectrophotometer equipped with a Peltier heating system was used and for temperatures higher than 70C an external oil bath was utilised. All solutions were prepared with a 10 mM phosphate buffer at pH 7 
Results and Discussion
Method of synthesis: The presence of a small amount of water during the synthetic procedure of complex is needed to assure the complete dissolution of the [Ru( [9] aneS3)(dmso)Cl_] precursor at reflux conditions. Nevertheless, a water/ethanol balance must be attained in order to assure solubility of the dppz ligand or to avoid oxidation problems with the metal centre. Unreacted precursor, which is a source of contamination in the case of complex 1, is removed by dissolution in water and subsequent slow filtration (48 h) followed by selective precipitation with NaCI. Finally the solid was recrystallised from boiling methanol.
Citaracterisation of tire complexes: The characterisation of complexes and 2 is summarised in Table 1. IR" The characteristic IR bands for the type of macrocycle and polypyridylic ligand present in these complexes appear as expected. The main Ru-S stretching band is located at ca 430 cm" for both complexes. A very weak band corresponding to the Ru-CI stretching vibration (282 cm) is seen for the [9] aneS3 complex [22] . UV/Vis: The spectra of complexes 1, 1' (where CI has been replaced by a coordinated water molecule) and 2, are shown in Fig.1 . The deconvolution of the spectra which has been made by different methods [35] is also presented in the same figure. The electronic absorption spectra of complexes 1-3 show a less energetic band at 400-450 nm usually assigned to MLCT transitions [36] , intra-ligand transitions, namely the "doublehumped" dppz centred band [31] are also observed in the 380-330 nm range and below 300 nm. Between 300 and 320 nm a shoulder is also seen. [28] .
The presence of a CI n-donor ligand in complex 1 reinforces the charge density at the metal centre. Thus the Ru-S bond is stabilised by -back donation resulting in a more energetically accessible Ru(II) state [28, 39, 41] . In complex 2, which has a longer average RU-Sa bond length (2.39 ,) than expected for Ru(II)-polythioether complexes with sulfur atoms in trans positions (2.32-2.34 ,) [42] [43] [44] [45] [46] , these c-bonds are weaker. Consequently, electronic density on the metal centre drops, diminishing the n-back bonding ability.
Both reasons may explain the E/2 (Ru" /Ru-cathodic shift of ca 0.26V in complex when compared to 2 This shift can not be correlated with differences in the macrocyclic ligands, as it is known that chelate ring strain has a relatively small effect on the E/2 values of these Ru3+/Ru 2+ couples [41, 47] . In the negative potential zone a typical polypyridyl ligand centred redox wave (ca-0.9V) is seen for complexes 1, 2 and 3 [26, 31] . This reduction has been identified as a phenazine centred x* orbital type and not as a bpy centred type [26, 31, 48] X-ray diffraction studies: The crystals obtained for complex 1 show rough shapes and crumble easily suggesting low mosaicity. Several crystals were investigated and all of them displayed poor diffraction patterns indicating the solid was composed of ca 50% crystal and 50% powder. However a crystal structure was determined. After many trial refinements the best model included the hydrogen atoms at calculated positions, anisotropic thermal parameters for ruthenium and sulfur atoms and isotropic parameters for carbon and nitrogen atoms. A high final R value of 0.1582 for 1873 reflections with I> 2o(I) was obtained. The final quality of this X-ray structure is not good enough for publication, but the overall geometry of complex is established unequivocally. The molecular structure of [(Ru([12] aneSa)dppz)] 2+ cation is shown in Fig. 2 together with selected bond distances and angles subtended at the ruthenium centre. The complex cation exhibits a distorted octahedral co-ordination environment with the equatorial co-ordination plane defined by two nitrogen atoms from the dppz ligand and two macrocyclic sulfur atoms. Six-co-ordination is completed with two remaining sulfur donor atoms of the macrocyclic ligand. The standard deviations associated with molecular dimensions listed in Fig. 2 indicate they have enough accuracy to characterise the ruthenium co-ordination sphere and their values agree well with those found for other related Ru(II) [12] aneS4-polypyridyl derivatives [28] . The N-Ru-N angles of 77. 2(8) , in the equatorial plane, and the S(4)-Ru-S(10) angle of 162. 5(3) , in the axial plane, are far from their ideal octahedral values. The small bite angle of dppz and the small cavity size of [12] aneS4 result in the non-ideal values [50] . In comparison the crystal structure of [Ru( [9] aneS3)(dppz)Cl]PF6
has Sa.-Ru-CI angles of 179.0(2) and 176.5 (2) , in the axial plane, for the two independent cations [22] . concentrations, forming the species [Ru( [9] aneS3)(dppz)(H20)] 2+ 1' (See Fig. 3 ). Parallel NMR experiments have also demonstrated that aquation is taking place for complex [51] .
Aquation study of [Ru(lg] aneS3)(dppz)CI]Cl: In order to study the interactions between complex and DNA in aqueous solutions it is very important to establish the exact degree of aquation at a specific chloride concentration. In order to mimic conditions found in vivo CI concentrations at ca 140 mM (extra-cellular fluids) and ca 2-4 mM (intra-cellular fluids) were used.
The concentration of complex 1 was kept constant at 50 laM in all UV/Vis titrations. Due to solubility problems under these conditions, the chloride concentration was kept below 70 mM. UV/Vis spectroscopy shows that the molar absortivities (e)) of all bands increase with decreasing ionic strength (I) (Fig. 4a) . At equilibrium, the ratio e315/e358 is a good indicator of the evolution of towards 1' (Fig.  4b) . It can also be seen in the same figure that the aquation of complex 1 is complete after ca 15 minutes, at a O0 laM CI" concentration.
In contrast to the UV/Vis titrations, H-NMR experiments in D20 at 37C [51] allowed the quantification of forms and 1', resulting in a correlation between chloride concentration and % aquation. A good correlation was obtained for a second order exponential decay model (Fig. 5) . Data analysis suggests that under extra cellular conditions the aqua complex 1' is present at less than 5 %, however at intra cellular chloride levels it is present at 15-30%. where ea Aobs [complex] and Ef and eb correspond to the molar absorptivities of the free and fully bound forms of the complex, respectively. The [DNA]/(erea) ratio was plotted against [DNA] and the constants Ka were obtained from the ratio of the slope to the intercept. [7, [52] [53] [54] [55] . The data were fitted by a least-squares method (R > 0.999). K, values were reproducible for all the complexes and the results are summarised in Table 2 .
The calculated Ka values for complexes 1 and 2 are of the same order of magnitude as other DNA intercalating Ru(II)/polypyridyl complexes [2,5,7,13, 33a,56] . Upon titration with CT-DNA the complexes show significant hypochromicity. A red shift of 8 nm is seen for complex 2 while for complex 1 this last effect was difficult to measure due to the absence of a well defined band (see Table Interaction of Ruthenium(II)-Dipyridophenazine Complexes With CT-DNA" Effects of the Polyhioether Ancillaly Ligands 2 and Fig. 3 ). As the MLCT transition has been assigned to the dppz ligand [26] the hypochromicity can be associated with dppz intercalation into the DNA helix [5, 57, 58] . Spectral deconvolution of the emission spectrum for complex 2 indicates a band at 569nm and a very low intensity band centred at 672 nm. After DNA addition the first band shifts to 540 nm (I/I0 _= 1.6, A/Ao 2.6x). DNA addition also results in a significant MLCT red shift (408 to 416 nm) and in a remarkable blue shift for the corresponding emission (Fig. 7) . Considering the magnitude of these shifts, commonly correlated with the strength of the complex intercalation with DNA, this may indicate a strong interaction.
Complex 2 emits even without DNA addition, which is unusual for these type of dppz complexes [59] . Furthermore, the peak is centred at more energetic wavelengths than normally expected. This may be partially understood considering data for Ru(II)-homoleptic complexes with phenanthroline derivatives with bulky groups. These groups diminish the emission wavelength [36] 2+ 2, indicate that they behave as good DNA metallo-intercalators. Thermal denaturation, UV/Vis spectroscopic titrations and steady-state luminescence studies all suggest that intercalation is taking place. The magnitude of the DNA-binding constants is also consistent with the structural characteristics of the complexes. Both the [9] arieS3 and [12laneS4 macrocyclic rings are smaller than the polypyridyls commonly used in this type of study and thus do not hinder intercalation of dppz in the DNA helix.
The apparent stronger intercalative capacity of the [9] aneS3 complex (seen for the !uminescence and thermal denaturation studies) may be due to its smaller overall volume when compared to the [12] aneS4 complex allowing closer approach to the DNA. The labile CI ligand also allows aquation leading to further reduction in volume. As for the specificity of the two complexes; no direct evidence is available, however for the [9] aneS3 complex, the approach of the axial sulfur to the axial plane might permit VDW interactions between the nucleobases and the macrocycle CH2 groups. Furthermore, the possibility, in the same complex, of exchanging the CI ligand for a bound water molecule may allow a greater number of specific interactions between DNA and the [9] aneS3 metal complex when compared to the [12] 
